Trensacivons of the Kasdl Socigry of' S, st (0999 1903, 1234152

THE MOST VIGOROUS SOLTH AUSTRALIAN TIDE

by C. SCHLUTER® J. A. T, Byrf, & P. HARBISONT

Summary

Senltek. CoBYE. 1 AL T, & Harsison, P (19951 The most visorons South Austalian tide, Trans, R Soi

8 Aduan W9(3), 1234132, 30 Noverber, 19495,

Horrmonie amlysis ol ausl recards for the region hetween the oty of Port Augusia and Yorkey Crossing in
the apper Spencer Gulf indicaies thal e most vigorous South Austrithan nide probably oceurs just nartl of the
Whyallt Ruitwity bridge and has a miximuni range ol about =41 oie st short of berny classified as macrotidal,
The special property of Sauth Austrahan ndes. thal the sem-diurpat constitbents (M5 and i) have about equal
ainplitudes, fesults 0 very interestng shullow waler Hdal interactions. in particalae the ceneration w4 large amplitde
quarter-diurnal consittuent (MS,). The inerodul environment of mingrove foresls and especially the samphire
flars of the upper Spencer Cidi s shown w be finefy tuned Lo (his shallow: water tide.

oy Woprns: bides, Spencer Gull

Introduction

The tides of South Australia have altracted interest
for aver 100 years (Chapman 1892 Easton 1970y,
However there appeuars 10 be no aceaunt of the region
i which the largest tide oecurs. This region is of
interest o dal theory because hoth Gulf St Vineent
and Spencer Gull have large semi-diurnal fides at their
heads and also hecause the major lunar (M;) and
solar (S,) constituents are of similar magnitude. The
diurnal fide progresses from west to east along (he
Southern Shell us a Kelvin wave which enters the South
Australian seuw where its amplitade and phase increase
regulutly and gradually towards the head of the gulfs.
The semi-dwrnal tide. on the ather hand. displays
inuch iore energetic résponse.

Tidal characteristics in Gulf St Yincent
and Spencer Gulf

A-almaost progessive wave cntery nvestugator Strait
and becomes converted into & standing oseillaton
within Gull 8t Vincenl (Bye 19761, Bowers & Lennon
(1990) investigated the tidal character using the chssical
muodel (Bowden 1983) in which an incoming wave 1y
reflected at the head of the gult in the presence ol a
{rictional force linearly proportional (o the tidal current
veloeity,  Particular adention. was  given to the
importance of Backstairs Passage in this process. The
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system can be best described s o quarter-wave
resonance of the open seu tide,

In Spencer Gulf the tdul resonanee is more complex
and lies eloser to o three-quarner resoounce in which
a ridal node oceurs between the head and the mouth
of the gnll This behayioar results in @ minimum semi-
diurnal tidal amplitude near Wallaroo, beyond which
there is 4 rapid increwse 1 amplitude towards the head
of the pulf. Easton (1978) bas given an eleganl
muthematical demonstration of this resonanee which
also uses a frictional term linearly proportional to the
Gdal current velozity, Numerical models of the tides
of Spencer Gulf have been developed hy Noye e al.
(1981) and Bills and Noye (1986), including fine
resolution madels of tidul eddies in npper Spencer Gulf
(Noye 1984; Noye e al,, 1994),

I both gulfs mangrove forest und swmphire flats are
extensive, espectally near Porl Witkefield, Port
Adelaide! (Schluter 1993), Franklin Harbour and Port
Augusts. The tides are of great ecological sigmificunce
10 these areas, The most vigorous tidal system in South

Australia occurs hetween Port Augusta and Yorkey

Crossing in upper Spencer Gulf® This distinetive region
fas the charaeter of a brine estuary (Bye & Harbison
1990).

The action of tidal currents 15 responsible for internal
mixing of the waler column, Stahilising forces, such
as strface heating and horizontal salinity gradients,
tend 1o result in a stratified water column, the lower
stratum being denser than the upper. The dynamies
of the mixing process have boen extensively studied,
initially in remperature stratified environments such
as the shallow European seas (Simpson & Bowers
1981), and more recenily in the sulinity stratified
enyironment of the South Australian sea (Samarasinghe
1989). Stratification ocours when the ratio of the
horizonl density grudient multiplied by the depth and
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devided hy the density and the root mesn square of the
slope ol the water surfice due 1o the de exeeeds )
critical valug (Bye 1990).

In upper Spencer Gull the tidal currents maintasn
a vertically well mixed water column whereas in mid
Spencer Gull o very  detniled  gnd  extensive
uhservatonal programme has shown that transient
stratificavon pecury (Nures & Lennon 1987) At the
mouth al Spencer Gulf the horizonel densiy prisdiernt
matntaing a steanhied exchange for about nine months
of the yedr (Bye & Whitehead 1975; Lennon ef al.
19871 Tn the sutmmer tonths, however, Ihe horisontal
density wrdien| 15 reduced due 1o the reversal of sign
in the wemperature gradient and verteal mixang cin
abso oceur. These  constderations  highlight  the
sigmlicunee of the tidol regime i the dispersion ol
dissalved matesfad introduced into the water column
o the coastal provinees of apper Spencer Gulf,
especially m the brine estuary,

The Site

Previously, measurements of the e in Spencer Gull
extended only sy lar north as Port Avgusty. Reeent fidal
measirements (Bye & Harbison 1987, 1991, 1994) north
of Port Augused (Fig, 1), indicate that a very vigorous
tdal pegimie exists. The site of The investigations was
an old wooden bridge on which an abandoned mineral
ratlway o @ salt works crossed over Spencer Guli' On
the casiern shore of the gult the salt bridge was
originally connected with an embankment which cuts
through the mungrove forest and into the samphiee flats.
The masimum span height of 4.4 mos just preaster thin
high water springs, and atlow water springs, the water
1y confined 100 few central spans where the max i
depth is abont 30 ¢m (Fig. 2a), The piees and spans
are adeally surted for instrument deployments  Tide
panges were secured to the piers and cutrent imeters
wete suspended from the spans or mounted by poles
driven into the ground. On the western side, beyond
a narrower fringe of mangroves, the brdpe teads
directly to the salt warks, The tidal observations
undertaken at this site extended from 28 bebruary Lo
24 March, 1986 (Bye & Harhison 1987).

Tide gauges wnd current meters were also deployed
for shoner petiods between the Contrul Austrihian
Kailway bridge and Yorkey Crossing. This station ljes
apprecimately 4 km further north of the salt hridge
and 15 bordered on both sides by samphire (Tats (Fig.
2b) which are covered ar high waler springs and also
during the tare floodings which originare on the Pirie-
Torrens plains narth of Yorkey Crossing (Bye &
Harhison 1994).

Since the above ohservations were of limited time
spint, i second more extensive period was Initiated in
1993 The chojec and location ol it eyuipment wis

HYE & P HARBISON

bused upon the pilot investigations. An Lnter-Ocein 54
ourrent meter was tocated within the town of Port
Augusta b an ubandoned road bridge uging u cradle
mooring device, The current meter iy based upon an
clectromnagnetic Nux measurement and thus has 1o
moving piarts as do the coaventional current meiery
This makes the current merer immune ta the effect of
algatl growth, The current meter obtained data between
27 July 1993 and 27 August 1993, A tide gauge Jocated
ar this sile proved faulty, The tidal constants in Tahle
T were obtined from the Port Augusta power station
tide gauge tot the same period as the salt bridpe
deploviment.

A hottom inounted pressure fide gauge was deployed
at the Whyalls Railway bridge north of Port Augusta
befween 28 July and 30 Ocober 1993, Another botiom
mounted tide gauge was deployed at the salt bridge,
hut this gauge was destroyed by vandals. A botton)
mounted tide pauge was deployed at the Central
Australian Rulway bridge between |8 Seplember and
A1 October 19930 This gauge clearly indicates the
unusual tide of the region.

Tidal Analysis

To distinguish between o progressave and stunding
svave satuation the phase differences between the tidal
carrents and elevations must be Kpnown, One ol the
most Important iaspects of tidal systemns is the delinition
of standing and progressive waves. With standing
waves. the phase ditference between the tidal elevations
and cirrents is 90 while for 4 progressive wive the
phase dilference s 0° A standing wave may be
considered as being the sum of two progressive waves,
one directed landward and one of equal amplitude
directed sgaward . The landward energy flux associated
with the incident wave is, in this case, balanced by the
seawitrd energy flux of the reflected wave and thuy there
is no pet energy flux, Tn dissipative situations the
reflected wave will be frictionally attenuated and must
be smaller in amplilude than the inbound wave and
thus a perfect standing wave is impossible, As the ride
propagates from the open ocean. various nonlnesr
distortivns occur in the tidal signal, These distoriions
are primarily influenced by nonlingar mechanisms
including frictional interactions and interactions with
surrounding  bathymetric  features, us  well as
atmospheric effects and  continuous  freshwater
discharges. The interactions of the primary
astronomical tide discoussed above may be represented
by the growth of the shallow water tides which indicate
the degree of nonlinear distortion of the primary signal.

In the analysis of Gdal signals, it is conunon practice
10 decompose the nidal signal into a harmonic serics
of amplitudes and phases. The tofal tidal elevation or
current may thus be represemed by the sum of the
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Fig. 2. (2). View of the salt bridge looking westward - Note un investigator [Pat Hurbison) on the (ringe of the mongrove
foresr, and the abandoned salt works in the background, (b), View Inoking southward trom just Before Yorkey Crossing
Note the samphire flats on thewestern sjde of the chiannel, and the Cenral Australion Radway bridge in the hackzround
Roth views were ken i short Dime alter low warer
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Tawl | Tidul constituents for the wpper Spencer Gulf.

4 = amplitude; ¢ = phuse in degrees. The tidal elevations are 1 dintand the currents are m cm/s. Currents are related
1 the magnetic bearing. The record lengths used wath the analysis are given 1n the text,

Elevations Currents
Constituent Port Augusta Whyallu salt bridge Central Aust Port Augusta Port Augusta
11986 Railway (19%6) Ritifwily (Liast) (North)
bridge bridpe
a [ a E i ¥ i 5 @ o i g
(o) 248 39 65 42 263 Bl 9 75 N5 322 298 337
K 453 73 462 451 80 308 90 (.68 | 2.4 4
M. 617 206 6il - 210 599 223 245 2327 2.4 140 928 139
s fdd 157 704 267 A8l 275 0r 288 262 |98 108 202
IMSS, 44 AR 24 . UR 5 278 35 19 018 /3 Q.58 109
Mei, 138 224 121 300 02 IM 33 289 0,23 218 115 274
2SM, 140 03 07 76 w2l ¥ | 0.52 . 82 245 ST
35-M> 42165 13 I8 il 175 26 B3 019 347 0:42 350
MOy LML 17 63 10 175 28 284 003 79 138 172
S0, Ik 23 4 200 61 242 59 356 0.45 200 3l 2
SK, 3 194 13 208 28 359 7 334 018 337 i 27
My 12 325 30317 29 57 50, A32 N2y 59 (S
M5y 34 9 12 245 77 104 136 138 0.29 42 4 32
S, 11302 6 323 - R VL 78IRS 045 276 0.54 307
4MS, 3. 220 4 348 i 48 287 0as 7l 037 A
M, 10 Yy . 332 5 124 0 64 013 355 026 349
IMS, X 40 a4 2 22 149 2] A gz 79 046 45
25M,, 18 139 i 93 a4 21 14 76 .26 |68 162 169
S 2 2K6 9 130 2 285 4 205 013 36 0.39 27
45M, 4 292 635 4 308 44 017 22 056 231
predicted harmonic series and (he residual signal. i.e. Results

Conitn =ty + Lyt

where Cow(t) is the observed tidal elevation or

current, §ret(t) 1y the predicted udal elevation or

current, {Ra(t) is the difference hetween the ohserved
and predicted Gdal elevation und current,

The predicted harmonic amplitade is given by
% 1
él‘l!u’(l) = Ed'('(}b‘(()‘,l = .’5):)
=
where a; 5 the amplitude of the ith constituent, o, is
the frequency of the Jth constituent, 1 is the local time
of [he duta and g; 15 the corresponding phase lag,
The residual signal includes all tdal frequencies
which ure nol harmonically analysed as well as
dtmospheric storm surges. These storm surges usually
persist for 2w 4 days depending on atmospheric
conditions,
The harmonic analysis of all tdal constituents (Tuble
Iy utilising programs developed by the National Tidal
Facihty shows (he importani aspects of the upper
Spencer Gulf tide

2 Only part of g i shallow water constitbent, jo also is
W minor primury hde.

The four major primary constituents (M, 8-, K,
and (1)) are the mamn energy source for the region,
und the interactions of the dominant semi-diurnal
doublet (M, and §,) generate suites of quarter-diurnal
(My, MS,, S,), fnictional semi-diurnal (3M,S,, 1,2,
25M; and 38,M,) and frictional sixth-diurnal (4MS,.
M. 2MS,. 28M,. S,. and 48M,) shallow water
constituents (Pugh 1987). Terdiurnal (MQ;, SO;, and
SK ) shallow water constituents are also generated
through inleractions between the four major primary
constituents. The MK, constituent, however, is not
resolvable from the SO, constituent owing 10 the short
length of our records. The tidal enérgy spectrum al
the Central Australiun Railway bridge (Fig, 3) clearly
shows energy peiks [or cach ol these bands, and also
thal this energy is resolved by the harmomc analysis,
Two prominent higher Irequency bunds not presented
in Table |, are also shown

Tahle | indicates thil the primary constituents have
# maximum amplitude between the Whyalla Railway
bridge and the salt bridge and also that their phases
increase between Port Augusta and the Central
Australian Railway bridge. At Port Augusta the tidal
currents lead the tdal elevation by about 60 indicating
i northwards propagation ol energy.

Each group of the shallow water constiluents appears
to behave differently, although there is large variability
hetween the constituents within the groups. The
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clearest signal is shown by the quarter-denal con-
stituents, the amplitudes ol which ave far greater at the
Central Australion Raitway bridge. The amplitudes are
approximately 10 the rutio of 1:2:1 for nost stations
in ugreement with theoretical prediction (Gullugher &
Munk 1971) and dilfer by about 1807 between Port
Augusta and the salt bridge (Tuble 1). This i consistent
with & node occurring near the Whyalla Ranlway bridge
where the quarter-diurnul aniplitudes are @ iaximum,
The phase of the terdiurnal constituents also differs
by about 1807 between Port Augustia und the Central
Australiun Railway bridge where the wnplitudes are
about halt of the quarter-churnal amplitudes,

The frictional sixth-diurnal constituents, on the other
hand, tend o have maximum amplitudes at the salt
bridge und very variuble phuses. Finully, the frictionul
semi-diurnal constituents show maximuu amplitudes
at Port Avguosta, with the suggestion of secondary
maxima at the salt bridge.

Discussion

The propagation of the primary tidal constituents
(und also the frictional semi-diurnal shallow water
constifuents) into upper Spencer Gulf gives rise 1o the
most vigorous tide in South Australia which occurs
between the Whyalla Roilway bridge and Lhe sall bridgy
where there is a generation of frictional shallow water

. BYE & P. HARBISON

tidal encrgy. The position of this maximum ude
coineides approximalely with the node of the quarter-
diurnal tide. The maximam tidal range is defined us
the suimniion ol’ the meun spring semi-thiurnal range
(MSR) and the meun spring diurnal runge (MDR)
where MSR = 2 (M, + S} and MDR = 2 (K| 4
0)) (Easton 1978). Foltowing the ubove definition the
maximum recorded tidal rmge for South Australian
waters oceurs @l the Whyully Ruilwiay bridec and
corresponds to an elevation of 4.1 ny, compured 1o the
cange at Port Augusta ol 3.9 in. This tidal runge
identifies the tide ax being at the very upper end of
the mesotidal range (2.1 - 4.2 m).

Friedrichs and  Aubrey (1988) have classibied
estuaries in which the lunar semi-divrnal tide (M) is
dominant over the solar semi-diuenal tide (S.) into
¢bh dominant and flead dominant. In an ebb duininant
estuary, minch grewter udal currents oceur during the
cbbh following the expasure of mudilats and the relesse
of dutertidal storage. To overcome these cffects the
duration of the ebb Lide is far less than the ood Lde.
The consequence of ebh dominance is to provide
mechanism Tor the long-term outwelling of sediments
and poltution. In the reverse siwation ol [lood
dominance, the estuary usually does not contain
intertidal mudfuts and thus the duration of the ftood
tide is less than the ebb and as a result the currenis
are greater on the flood ride. Flood dominant estuarics
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Fig, 3, Power spectrum of tidal epergy at the Central Australian Railway bridge.
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usually consist al more unstable geometres and w (he
long, e become Dlled with Nine sediments which
arise from the ned transport mio the cstuary. This
cliassihation is based on the phuse differeace hetween
the primary Tunar tides (M5) and the major shullow
waiter tide (M), In the ebb domanuant situaton the
whrium M, current approsimately enimcides wilh
the¢ maxintunt of the 8, cureent, and we the flood
dopnnant sitdadon the maximiin of the M, current
approsimutely comeides witl the maxirmunt of the M
current,

We Timd thal Ty classs heation iy pot appropriafe foy
the brine estuary ol upper Spencer Gull, which behives
either ay gl water or low water dominant. High waler
dominant conditions occur when the  differences
between the fgh water level and medn sed level are
much greater than those between the low water level
ard mean sea level: the opposite pecurs or low water
dominant conditians. L high water dominant situalions
the masmmum  of the dominant shallow  water
congtituent approslinately coinedes with the maximmm
al the primary tdal amplitude and yice versa, For
crample, atthe Central Australian Ruilway bridge. the
phuse differenee between the MS, constituent and ity
corresponding astronomicul  generating  tide s
(M. +5.)-MS, =17

The high water donnnune environnient consists of
awell defined channel which 1s very shallow at low
watet, but which can accommodate the propagation of
the imcoming and outgomg tides excopt very near bigh
water when overbank flow on the samptire hanks
oceurs. However, with the low  water dominant
environment, the chapnel s deep enough to have a
negligible effect on low water levels, bitas high tide
approaches, large volumes ol water spill mto the
adjpeent mangrove areas filling up the interfidal
depressions and truncating the high water level. The
node hetween these twa envirnnments where the most
vigprous tde occurs marks the pasition where these
two apposile effects are in balance. These properties
appear to be due o the almost eqoal amplitudes of M,
and 55 (see below).

High water domirnant conditions are well developed
at the Central Australivn Ruilway bridge such that the
low water levels appeal w be cut-off™ (Hig 4h). There
are lour imteresting teatures of this eeord, First, the
tow waler levels a (he neap lide ave [ower fhan ar fhe
spring tide. 1t i helieved that thic is the result of the
formation of intertidul pools of gulf water trapped
between the Centrul Ausirahan Ralway bridge and
Yorkey Crassing, Water is held in this region on the
chbing (nde which s slowly dringd unlil the tide wmes
bul Juring the neap vycle. Jess water is able (o be stored
i the upper reaches and subsequently the low waer
level as Tesy than the spring tdal level,

Second. the dinrnal ineguahity of the nde produced
by the bewing ol the diurnal dond semi-dinrnal con

stituents 15 Signibicamly  modubised ac the Central
Australign Rallway bridge relutive w the Whyalla
Railway bridge due 10 the generation of the ferdiurnal
tdes.

Third, the residual records show that storor sunges
are wsuadly greatly attenuated berween Whyalla and
Central Austratian Railway bridges,

Fourth, the drainage [rom (he samphire flats retards
the low tide much thore than the high tide. The
approximate lags hetween Yorkey Crossing and Pon
Augrusta, deterpiined direely from the short tidal
recards ol the pilot study, were high water 35 min,
Tow water 180 min. Similar results can be obtoned
from Fig. 4a and h. The difference between the lags
is primarily due e the major guarter diornal shallow
water hde (MS). as can be seen from Fig, Sa in
which the three tidal constiluenls M-, S, and MS, are
represented as well ay the compauon of the three.
An mtergsting feature of Fig, b the form ol the tidal
fahge curve during the ebb, which resembles n
exponeniial drainage vurve. and is clearly reproduced
in Fig. 3y, ‘Thus the drainage from the samphire flars
i explamed harmonically by the existence af MS,.
This appenrs 10 he w unique propeny ol the system in
which M, and S, have approximately the saime
amplilude, The carresponding currenl record (Fig, Sh,
which is constructed by differentiating the  tidal
elevationy with respeet o bme. wnd sealing o give
miaximum tidal velacives similar 1o the abservatons
(~1.35 my ') shows characteristic current spikes at
the beginning ol both the ebb and Tlood tides which
are of sinfilar amplitude and also a sfow ehh (=3
ems ') during low tide. This structure was nhserved
in the short period current meter deployvments just
south of Yorkey Crossing and at the salt bridge (Bye
& Harbison 1987, 1964).

Flattening of high water cun be seen inthe Whyalla
Railway brudge record (Fig. 4a) but the impurtinee ol
MS, (Table 1y much smaller here than in the high
tide denninant condibions at the Central Augtrulfan
Rarlwav bridge

Conclusinns

Following an extensive beld prograiime of (idal
elevatjons and currents, the larfgest tde i South
Australia is believed to exist in upper Spencer Guif.
north of Port Augusts, This tide 1 the peak ol the three-
quarter resonance i Spencer Gull which gives rise
1o i rapid inercase 10 amplitude northwards from near
Williroo, The focalion of the Whyalls Ruailway bridge
was observed 10 hive the largest amplitudes of (he
majnr gstranomical tdal constituents 1namely the M,
S, K and O tdes) giving a vidal range which fies
within 4 (0 4.5 m where typically the tidal range in
both gults s closer 0 2.5 1 3 . Just beyand the bridee
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i shallow water tdal node occurs and we idenafy this
location as the probable position of the lurgest tidal
runge. As in all ridal stadies, however, the longer (he
length of tidal records, the betler is the harmenic
analysis, In this study we have refied on ane-two month
deployments at several locanons, Longer records would
be necessury 1o improve the aecuracy of the tidal
canstants.

The nonlineur interaction  between the  muajor
astronomical  constituents and  the  surrounding
bathymetric  Iealures leads (0 the gencranon of
significant shallow waler ndes, especially the quarter
diurnal MS; constituent which domipates because of
the similar amplitudes of the M, and S, tdes,

These observations prompt the speculation that the
samphire flats and mangrove forest environment haye
evolved uy u positive feedback © the shallow water tidal
interactions. In other words, In the absence of the
unusual South Australian fidal regime in which the
major semi-divenal tdal constituents (M. and S.)

CoSCHLUTER, L AT
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have a similur amplitude, the inrertdal environment
would be guite different.

It is also likely that the changes in the intertidal
envitnnment of upper Spencer Gulf and its norhwid
extension into the Pirie-Torrens plaing that hive
occurred due tosea level chunges have heen decisively
influenced by shallow water tdal ineractinns.
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